The electronic structure and energetic stability of A 2 BX 6 halide compounds with the cubic and tetragonal variants of the perovskite-derived K 2 PtCl 6 prototype structure are investigated computationally within the frameworks of density-functional-theory 
Introduction
Since the initial discovery of lead halide perovskite compounds as solar absorbers in photovoltaic devices [1] [2] [3] , the power conversion efficiencies (PCEs) achieved with these materials has increased steadily and currently reaches 22.1% 4 . These high PCEs have motivated significant efforts aimed ultimately at the commercial application of lead-based halide perovskites for solar power conversion. For such applications, two issues that continue to receive considerable attention are the toxicity of lead, which can be leached out of APbX 3 compounds due to their aqueous solubility 5 , and the poor chemical stability in air 5 . The first of these two issues has motivated research into the use of alternative Sn/Ge-based perovskite compounds, although limited PCEs of 6% or less have been demonstrated with these materials to date [6] [7] [8] [9] . Further, like their Pb-based counterparts, Sn/Ge-based perovskite compounds also have been found to suffer from poor chemical stability 6, 7, 9 .
The inorganic compound Cs 2 SnI 6 has received recent attention as an alternative to Sn-based halide-perovskites for photovoltaic device applications. In comparison with Sn and Pb based halide perovskites, Cs 2 SnI 6 has been shown to feature enhanced stability in ambient environments [10] [11] [12] , correlating with the presence of a more stable higher oxidation state for Sn in this compound (formally 4+ in Cs 2 SnI 6 compared with 2+ in CsSnI 3 ). The crystal structure of Cs 2 SnI 6 can be described as a defect variant of perovskite, with half of the Sn atoms removed, as illustrated in Fig. 1 . In this figure, the SnX 6 octahedra in the Cs 2 SnI 6 compound can be seen to be isolated, in contrast to the corner-sharing arrangement characterizing the perovskite structure. Associated with this structural change, the Sn-I bond lengths are shorter in the Cs 2 SnI 6 compound, which has been correlated with its enhanced chemical stability 13 . In addition to its desirable stability, the electronic and optical properties of Cs 2 SnI 6 also have been demonstrated to be attractive for photovoltaic device applications. Specifically, Cs 2 SnI 6 is a direct-gap semiconductor that displays strong visible light absorption 11, 14 . The measured band gaps reported range from 1.6 eV 11 to 1.48 eV 14 to 1.3 eV 10 . The valence band and conduction band are well dispersed, with dominant characters based on I-p and hybrid I-p/Sn-s orbitals, respectively 10 . A high electron mobility of 310 cm 2 /V * s and a sizable hole mobility 42 cm 2 /V * s were reported in bulk compounds 10 . The Cs 2 SnI 6 compound has been reported to display intrinsic n-type conductivity 10, 11 have not yet resulted in improved materials for device applications, they have clearly demonstrated the importance of the B-X chemistry in defining optical and transport properties.
To guide further studies aimed at the use of chemical substitutions to optimize properties for photovoltaic applications, in this work we employ density-functional-theory (DFT) based computational methods to explore trends underlying the variation of electronic structure and and the radius ratio is calculated as
representing the radius of A site cation, radius of B site cation, radius of X site anion, and nearest neighbor X-X bond length, respectively. The X-X bond length is calculated from GGA-PBE relaxed structures for the cubic phase for each material. Shannon effective ionic radii for 12-coordinated A + cations, 6-coordinated B 4+ cations, and 6-coordinated X − anions 24 are used for R A , R B and R X . The dashed line is a guide to the eye that separates the majority of the cubic perovskite structures and distorted non-cubic structures.
To motivate the choice of crystal structures considered in this work, we show in Fig. 2 a structure map similar to those used in studies of perovskite-based compounds 25 . The axes in this figure correspond to the octahedral factor and a radius ratio defined below. The octahedral factor is defined as the ratio between B cation radius and X anion radius. The radius ratio is the ratio between the radius of the A site cation and the size of the cavity formed by the neighboring halogen anions 26 . For perovskite compounds the octahedral factor is used to empirically predict the formation of the BX 6 octahedron; and the tolerance factor is used to empirically predict the formation and distortion of the perovksite structure. Likewise, in the A 2 BX 6 perovskite-derived structure, we can combine the octahedral factor and radius ratio to predict the formation and distortion of the structure. Small octahedral factors suggest that the formation of BX 6 octahedra are disfavored. A small radius ratio results in distortion of the cavity and a lower symmetry of the structure, or even totally different connectivity of the octahedra network. According to the survey of known A 2 BX 6 compounds in the ICSD database 17, 18 , shown in 
Computational Methods
Calculations were carried out employing spin-polarized HSE06 and PBE-GGA based DFT methods using the Projector Augmented Wave (PAW) method 27 , as implemented in the Vienna Ab initio simulation package (VASP) [28] [29] [30] . The PAW potentials used in the calculations are the same as those underlying the data provided in Materials Project 19 , in order to facilitate comparisons of the results available through this database. The energy cutoff for the plane wave basis for all compounds was set to 520 eV. For cubic structures, self-consistent In the tetragonal structure, octahedral rotation angle with respect to cubic structure is labeled as α, equatorial halide as X 1 , and apical halide as X 2 .
calculations were carried out with a gamma-centered k-point mesh of 6×6×6. Based on convergence tests for Cs 2 SnI 6 , Rb 2 TeI 6 and K 2 PtI 6 , this choice of plane-wave cutoff and k-point density is found to be sufficient to provide total energies converged to within 1 meV/atom, lattice constants within 0.01Å, and band gaps within 1 meV. For tetragonal structures, self-consistent calculations were carried out with a gamma-centered k-point mesh of 4×4×4, to maintain a similar k-point density as used in cubic structures. For relaxation and density of state calculations, the tetrahedron method with Blöchl corrections was used for k-space integration. To check the importance of relativistic effects on band gaps, spin-orbit coupling is included using the standard approach in VASP for three representative compounds with heavier elements. The self-consistency iterations were performed until the energy was converged to within 1 × 10 −5 eV. The structural relaxations were undertaken until the forces were converged within 0.01 eV/Åfor the GGA-PBE calculations, and within 0.05 eV/Åfor HSE06. For the compounds containing B-site transition-metal cations (B=Ni, Pd, and Pt) with unfilled d shells in the 4+ charge state, we ran spin-polarized calculations considering both high-spin and low-spin configurations, finding the low-spin (zero local moment) states to be lowest in energy.
The average effective masses 31 were calculated using the BoltzTrap code 32 and the pymatgen package 31, 33 . Gamma-centered 20×20×20 and 18×18×12 k-point meshes were used for GGA-PBE band structure calculations of cubic and tetragonal structures, respectively.
The band structures were then used as input to BoltzTrap code to calculate the conductivity set at the conduction band minimum; for hole effective mass, µ was set at the valence band maximum. Convergence of the effective mass values with respect to the density of k-points over which the band structure was sampled was carefully tested and the values were found to be converged to within 1% using a 20×20×20 mesh.
Results and discussion
Calculated Results for Experimentally Reported A 2 BI 6 Compounds Table 2 shows that no obvious difference of B-X bond length is found between cubic and tetragonal structures. The last column of Table 2 lists the octahedral rotation angle α as illustrated in Fig. 3 . Among the seven compounds, K 2 PtI 6 has the largest α, consistent with the fact that it is the only compound that is experimentally observed to form in the tetragonal structure at room temperature.
Band gaps and effective masses of both cubic and tetragonal structures calculated by HSE06 are listed in Tables 3 and 4 , respectively. In these tables, results for the structures Table 2 : Calculated bond lengths and rotation angles of seven A 2 BI 6 compounds for both cubic (Fm3m) and tetragonal (P4/mnc) polymorphs from HSE06. The second column lists the B-X bond length for the cubic structures. The last three columns list equatorial B-X bond length, apical B-X bond length and octahedral rotation angle α for tetragonal structures, respectively. The equatorial atom X 1 , apical atom X 2 and α are illustrated in Fig.3 . Compound E g(HSE−cubic) /eV E g(HSE−SOC−cubic) /eV E g(HSE−tetragonal) /eV E g(exp) /eV
10,11,14
2.080(A − R) 1.5 -1.59 16, 37 that are reported to be stable at room temperature are indicated in bold font. The HSE06 calculated band gaps listed in Table 3 gives an indirect band gap of 1.83 eV. The 0.15 eV discrepancy with our calculated results listed in Table 3 may reflect the smaller cutoff energy and k-point density used in the previous calculations.
The present calculated results display clear trends with the size of the A-site cation.
Considering first the trends for the cubic structures, the band gap values decrease systematically as the A site varies from Cs to Rb to K. By contrast, the trend is the opposite in the tegragonal structure. For a given chemistry, the band gap increases in going from the cubic to the tetragonal structure, and the magnitude of this increase is larger for the compounds with the smaller A-site cation. These trends will be discussed further below based on the bonding in these compounds.
From Fig.4 to Fig.7 We consider next the results for effective masses listed in Table 4 . In all seven compounds, holes are found to be heavier than electrons. This result can be understood based on the fact that the valence bands are derived from unhybridized halogen p orbitals, which are less dispersed compared with the conduction bands that are derived from anti-bonding states between halogen anions and B site cations. The trend obtained here is contrary to the case in halide perovskites, where holes are lighter than electrons 40 . The trends in the effective mass values listed in Table 4 are correlated with those for the band gaps. Specifically, in cubic structures, for a given B-site cation, reducing the size of the A-site cation leads to a decrease in both the effective mass and the band gap, consistent with the expectations of k ·p theory 41 . In tetragonal structures, for a given B-site cation, reducing the size of the A-site cation leads to an increase in both electron effective mass and the band gap. The variations of hole effective masses are more complex because of the presence of multiple valence bands at the band edge. Trends in band gaps and stability across broader compositional ranges
The HSE06 results in the previous section display clear trends in the electronic structure as the compositions of A 2 BX 6 are varied with X=I. In this section we investigate these trends over a broader range of 81 total compositions, considering A=(K, Rb, Cs), B=(Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te), and X=(Cl, Br, I), using the computationally efficient GGA-PBE method. As shown in Fig. 8 , which compares results for band gaps obtained from GGA-PBE and HSE06 for the compounds considered in the previous section, the former reproduces the trends from the latter method quite well, even though the semi-local GGA-PBE functional systematically underestimates the band-gap values as expected. The emphasis in the presentation of results in this section is specifically on compositional trends rather than absolute values for the bandgaps. In addition, we present results related to the relative structural stability of the cubic and tetragonal phases of the compounds. We consider first the geometrical factors of octahedral factor and radius ratio introduced above. Figure 9 plots these values for each of the 81 compositions considered, and the results provide insights into why only a small subset of these compositions have been observed to form A 2 BX 6 compounds experimentally. For example, it can been seen from Fig. 9(a) that B=(Si, Ge, Ni and Se) cations lead to small octahedral factors. For these B-site cations only K 2 SeBr 6 , Rb 2 SeCl 6 , Cs 2 SeCl 6 and Cs 2 GeCl 6 have been reported to form experimentally in the ICSD 26, 36, 45, 46 . This argument is also supported by calculating the energy difference between cubic and tetragonal structures for the 81 compounds, as displayed in Fig. 10 . The energy of tetragonal K 2 BI 6 is significantly lower than the energy of cubic K 2 BI 6 , indicating the greater tendency to form tetragonal structures for K 2 BI 6 compounds. The effects of variations of the A-site cation on the calculated band gaps are illustrated in Fig. 11 (a) for the case of X=I. The effects are seen to be weaker than those resulting from variations in the halide anion, and they are shown to be qualitatively different for cubic and tetragonal phases. Specifically, the calculated band gaps are found to increase and decrease for cubic and tetragonal structures, respectively, with increasing A-site cation size. For the cubic phases the results can be understood as arising from the effect of the A-site cation on the distance between neighboring I sites. As the size of the A-site cation increases, the distance between neighboring I sites increases, while the B-X bond lengths in the BI 6 octahedra remain largely unchanged. Increasing I neighbor distances correlate with a narrowing of the I-p band and thus a lowering of the VBM, consistent with the increase in band gap from K to Rb to Cs.
We consider next the trends with A-site cation for the tetragonal structures. For the smaller A-site cations (K and Rb) the tetragonal structure is lower in energy and the band gap larger than that for the corresponding cubic phase. With decreasing size of the A site cation, the degree of octahedral rotation (c.f., Fig. 2 alloying of both A and X sites can be expected to be effective in tuning both bandgap and structural stability. We note that alloying of B site Sn and Te cations has also been explored in this context 16 . The general trends in band gaps and structural stability identified in this computational study are anticipated to be helpful in guiding further work in these directions.
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